ABSTRACT

Objectives
Pharyngeal High Resolution Manometry with Impedance (HRIM) was performed in a heterogeneous group of children with signs of oropharyngeal dysphagia (OPD). The aim of this study was to determine which objective pressure-impedance measures of pharyngeal swallowing function correlated with clinically assessed severity of OPD symptoms.
Study Design
Forty five pediatric OPD patients and 34 non-OPD controls were recruited and up to 5 liquid bolus swallows were recorded using a solid state HRIM catheter. Individual measures of pharyngeal and upper esophageal sphincter (UES) function and a Swallow Risk Index composite score were derived for each swallow, and averaged data for OPD patients were compared against those of non-OPD controls. Clinical severity of OPD symptoms and oral feeding competency was based on the validated Dysphagia Disorders Survey (DDS) and Functional Oral Intake Scale.
Results
Those objective measures that were markers of UES relaxation, UES opening and pharyngeal flow resistance, differentiated patients with and without OPD symptoms. Patients demonstrating abnormally high pharyngeal intra-bolus pressures and high UES resistance, markers of outflow obstruction, were most likely to have overt DDS signs and symptoms (Odds Ratio 9.24, p=0.05, and 9.7, p = 0.016, respectively).
Conclusion
Pharyngeal motor patterns can be recorded in children using HRIM and pharyngeal function can be objectively defined using pressure-impedance measures. Objective measurements suggest that pharyngeal dysfunction is common in children with clinical signs of OPD. A key finding of this study was evidence of markers of restricted UES opening.
INTRODUCTION
Safe, effective and efficient swallowing throughout development relies on intricate sensory development, fine motor coordination of the swallowing musculature, and maturation of feeding skills to ensure airway protection and full bolus clearance from the oropharyngeal segment (1) (2) (3) . Physiologically, pressure changes across the pharyngo-esophageal segment drive bolus movement during the swallowing process. Stimulation of mechanoreceptors in the base of tongue during bolus propulsion, and afferent pathways stimulated by bolus advancement into the oropharynx trigger the pharyngeal swallow response (4). The soft palate elevates to seal the nasal cavity; the cricopharyngeus (CP) muscle, which primarily generates the upper esophageal sphincter (UES) high pressure zone, relaxes in coordination with hyolaryngeal excursion to enable concomitant airway protection and UES opening. The pharyngeal stripping wave follows to clear any bolus residue. In cases where there is restriction at the level of the UES, bolus outflow from the pharynx is obstructed and intrabolus pressures increase, making post-swallow residue and risk of mid or post-swallow aspiration more likely.
Children with developmental disorders, neurological conditions, respiratory or cardiac problems, esophageal dysmotility or structural deficits such as cleft palate are at risk for oropharyngeal dysphagia (OPD) and potentially aspiration (5-13). The pathophysiology underlying OPD symptoms is important for diagnosis and management, however this is often difficult to determine in these children.
Objective assessment of oropharyngeal swallowing is challenging due to its mechanically complex nature (12) . High resolution solid state manometry with impedance (HRIM) is a catheter-based diagnostic modality which overcomes some of the inherent limitations of existing assessment techniques. Used as an adjunct to videofluoroscopy swallow studies (VFSS), HRIM enhances biomechanical evaluation of oropharyngeal swallowing and furthermore, pressure and impedance recordings generated during HRIM-measured swallows can be analysed using Pressure-Flow Analysis (PFA) (2, 13, (15) (16) (17) (18) (19) (20) . Published studies in adults and, to a lesser extent in children with pharyngeal dysphagia, have shown individual PFA measures and a global composite score of swallowing dysfunction, called the Swallow Risk Index (SRI), are able to discriminate consequences of swallowing pathophysiology, such as aspiration risk, the presence of post-swallow residue and abnormal pharyngeal distensioncontraction timing in circumstances of poor oral containment and/or delayed swallow trigger (2, 13, 19, 20) . Whilst PFA measures differ in relation to the radiological picture of severity, it remains to be determined which PFA measures correlate with the degree of swallowing impairment determined by accepted clinical assessment scales that are widely used amongst speech-language pathologists.
The aim of this study was to perform HRIM with PFA in a heterogeneous group of children with clinically recognised signs of OPD to investigate potential correlations with established clinical assessment scales, namely the Dysphagia Disorders Survey (DDS) (21) , and the Functional Oral Intake Scale (FOIS) (22) . We hypothesised that PFA metrics would differentiate OPD patients from non-OPD controls, and correlate with DDS and FOIS scores.
METHODS
All investigations were performed in the Gastroenterology Department at the Women's and Due to ethical concerns, healthy children were not studied; instead, children who were referred for manometric investigation of esophageal motility were recruited as non-OPD controls. If needed, these children were given extra boluses with the catheter re-positioned to capture pharyngeal motor patterns.
Measurement Protocol
A 10 French solid state HRIM catheter was used, incorporating 25 1cm-spaced unidirectional pressure sensors, and 12 adjoining impedance segments, each of 2 cm (Unisensor AG catheter, Attikon Switzerland). The catheter was positioned trans-nasally with sensors straddling the entire pharyngo-esophageal segment from velopharynx to proximal esophagus.
A small amount of water-based lubricant was used at the tip and shaft of the catheter to assist with passage. Once positioned, the catheter was taped to the participant's cheek. The pressure and impedance data were acquired at 20 Hz (Solar Gastrointestinal acquisition unit Medical Measurement Systems, Enschede, The Netherlands). Patients were seated upright/semireclined for all swallows. The swallow material was offered via syringe or spoon and cervical auscultation was used to confirm swallow onset following bolus administration to the mouth.
Liquid bolus swallows (saline 0.9% NaCl) of 2-5mls were recorded in each patient. Swallows acquired and analysed from HRIM recordings were for liquid swallows without thickener modifications. Note, the volume and number administered were determined on clinical grounds by the attending speech-language pathologist. Patient recordings were included in this study if at least 3 swallows of 2mls saline were acquired. All non-OPD controls provided at least 4 x 5ml liquid (saline 0.9% NaCl) swallows. Saline was used to enhance conductivity for reliable impedance measurements. In order to investigate the effects of age and volume on the PFA measures in this cohort patients were grouped for age (2-5yrs, 6-10yrs, 11-14yrs or 15-18yrs) and volume (2 -3mls or 4 -5mls).
Acquired HRIM recordings
As shown in Figure 1 , pressure recordings during swallows are displayed as colour isobariccontour plots. This provides a graphical representation of pressure changes in real time, from the velopharynx to the proximal esophagus during a swallow. Simultaneously acquired impedance measurements detect the movement of the propelled bolus through the pharynx and UES.
Pressure Flow Analysis
Following acquisition of the HRIM recordings, pressure and impedance data for each swallow were exported (csv file) and opened using purpose designed MATLAB-based software for Within each ROI, swallow function metrics were derived using automated algorithms. These metrics are: pharyngeal peak pressure (PP), defined as the maximum contraction of the pharynx during the swallow; the pharyngeal nadir impedance reading (NI), defined as a marker of the centre and diameter of the main body of the swallowed bolus; the pressure at nadir impedance (PNI), defined as the intra bolus pressure during maximal pharyngeal distension; the time interval from nadir impedance to peak pressure (TNIPP), measuring the time from bolus distension of the pharynx to the maximum pharyngeal contraction during the 7 stripping wave; and the flow interval (FI), defining pharyngeal bolus dwell time (15) .
Additionally, we measured the UES nadir impedance (UESNI) as a marker of UES opening diameter (13) , and the UES Resistance (UESRES) defined by UES intrabolus pressures over the relaxation period (14) . The post-swallow impedance ratio (PSIR) is an integrated ratio that relates post-swallow impedance to the impedance during pharyngeal bolus passage. PSIR has previously been shown to elevate with post swallow pharyngeal residue seen on VFSS (20) .
The swallow risk index (SRI) is a separate composite score derived from four key swallow metrics previously found to differ in relation to aspiration risk (14) . The SRI validation studies used simultaneous VFSS and HRIM with AIMplot analysis and showed a significantly higher SRI in patients with penetration-aspiration compared to patients without penetration or aspiration (13, 14) . Therefore, the SRI aims to quantify the overall level of swallowing dysfunction potentially predisposing to aspiration risk. This study provides the first non-OPD pediatric reference range data for the SRI. Using estimated marginal means with 95% confidence intervals, the cut off for normality for these data is < 8.
The SRI is derived by the following formula:
All swallow function metrics investigated in this work are summarised in Table 1 ; online.
Clinical Measures of Swallowing Dysfunction
A speech-language pathologist not involved in routine care of the participants independently reviewed the medical records, interviewed the primary care givers and performed the Dysphagia Disorders Survey (DDS) assessment to determine the DDS scores, Functional Oral Intake Scale (FOIS) score and aspiration status for each patient as described below. 8 
Dysphagia Disorders Survey
The DDS was completed within one week of the HRIM recording. The DDS is a standardised dysphagia assessment tool used internationally for children 2 years and above (19) . This two part test provides a raw score and equivalent Disability percentile rank based on binary scored items of feeding competency (for liquids, separate to chewable, separate to non-chewable food types). Note, the higher the DDS score, the greater the dysfunction. Specific items 13 
RESULTS
Patient Details
There were 45 OPD patients recruited for this study on the background of suspected or established aspiration risk (26 male: 19 female; mean patient age: 5yrs, range 2 -18 years). There were 34 non-OPD controls (13 male: 21 female; mean age 12yrs; range 2-18 years).
These participants were recruited following clinical referral for lower esophageal investigation (e.g. gastro-esophageal reflux or rumination, or suspicion of esophageal motility disorder). These patients had no history of oropharyngeal dysphagia and/or aspiration and did not demonstrate overt signs or symptoms of OPD.
Relationship between Clinical Measures of Swallowing Dysfunction and PFA measures
The relationships amongst PFA measures, DDS score, DDS criteria for clinical signs of OPD, FOIS, patient age and bolus volume are presented in Table 2 . A higher DDS, presence of OPD signs and lower FOIS correlated significantly with PFA measures of dysfunction. Smaller volumes were swallowed by patients of younger age and/or more severe dysphagia.
Therefore, patient age and bolus volume were included as co-variates for all subsequent group comparisons based on clinical signs of OPD to ensure the PFA measures investigated were significant beyond these effects.
An overall comparison of controls and patients revealed four key differences in PFA measures; see Table 3 . The SRI, a global measure of dysfunction, and the PSIR, marking post-swallow residue, were both significantly higher in patients vs. controls (p<0.05 and p<0.01 respectively). Of individual PFA metrics, the FI was significantly longer (p<0.05) and the UESNI was significantly higher (p<0.01) in patients.
Amongst OPD patients, UES measures differentiated the patients with clinical signs of OPD on the DDS from those without clinical signs of OPD. Specifically, patients with clinical signs for OPD had higher UESRES and significantly higher UESNI compared to controls (p<0.01). UESNI identified patients who did not show signs of OPD (p<0.05). These findings are consistent with reduced relaxation and UES opening and contribute to OPD symptoms (Table 3) .
Eleven OPD patients exhibited a FOIS of 1-3. These patients had a significantly higher UESRES, higher UESNI, and shorter TNIPP compared to non-OPD controls (p<0.05 for each respectively). Of the 45 OPD patients, 28 were recommended for thickened fluids as a management strategy for aspiration prevention. The PFA measures were not altered in these patients compared to patients taking thin liquids. A correlation between individual thickener levels and PFA metrics was intended, however of the patients whose thickener level was obtainable, the group sizes were unbalanced. The majority of patients were receiving nectarthick fluids, while only 2 patients were receiving honey-thick and only a single patient was receiving spoon-thick fluids. The data were insufficient to allow comparisons for differences amongst the different thickener levels.
There were 14 patients (31%) with an SRI above the upper confidence interval boundary measured for controls (SRI >8). A raised pharyngeal intra-bolus pressure (PNI) was the only one of the four key PFA metrics used to derive the SRI to be significantly associated with clinical signs of OPD. Patients with an abnormal PNI were 9 times more likely to have clinical signs of OPD (Table 4) . Regarding UES metrics, abnormal findings for UESRES and UESNI were also significantly associated with clinical signs of OPD (Odds Ratio 9.7, p = 0.016 and 7.6, p = 0.023 respectively).
Aspiration status was gathered from clinical VFSS reports (performed within 12 weeks of HRIM study). Aspiration status could only be determined for 19 of 45 OPD patients. Of these 19 patients, 10 showed no aspiration. Six of these 10 patients were reported to present with penetration only. Nine of the total 19 patients were reported to have aspiration of thin fluids.
No PFA measures differentiated patients reported to be aspirating from those who did not aspirate on previous VFSS. Furthermore, presence of DDS signs of OPD or FOIS did not significantly differentiate aspirating patients from non-aspirating patients (Fisher exact test p= 0.09, and p=1.00, respectively).
DISCUSSION
In this study we correlated objective PFA measures of swallowing function with clinically recognised signs of OPD in a heterogeneous cohort of children recruited with suspected or established aspiration risk. The majority of children with clinical signs of OPD had diagnosed neuro-myogenic conditions, such as cerebral palsy, muscular dystrophy, or clinically reported global developmental delays. OPD patients had higher SRI and PSIR, which are global PFA parameters consistent with greater risk of swallowing dysfunction.
Participants with and without clinical signs of OPD were assessed using PFA swallow metrics as a method to objectively quantify pharyngeal and UES motility and bolus flow patterns. The SRI, which defines overall pressure flow dysfunction, was abnormal (>8) in 25% of the patient cohort. Of the four key metrics used to calculate the SRI, abnormal pharyngeal intrabolus pressure (PNI) was the only measure significantly linked to the incidence of clinical symptoms of OPD. Elevated pharyngeal intra-bolus pressure (as measured with PNI) is a marker of flow resistance when pharyngeal propulsion is adequate. Given that the majority of patients (66 %) in this cohort presented with pharyngeal pressures suggestive of normal pharyngeal propulsion, the elevated PNI were most likely a consequence of resistance at the level of the UES. Results for PFA metrics specific to the UES high pressure zone provide further evidence of UES dysfunction. Patients with clinical signs of OPD and a poor functional oral intake score (FOIS score 1-3) showed residual UES pressures and significantly higher UES impedance recordings during bolus flow. These markers indicate restricted UES opening (23, 24) .
Resistance at the level of the UES during swallowing is a clinically important finding as it increases the risk of mid or post-swallow aspiration and/or post-swallow residue in particular at the level of the pyriform sinuses. Consequently, assessment of UES dysfunction is considered essential for therapeutic decision making (27, 28 ). Whilst we demonstrate objective evidence that UES dysfunction is prevalent in this pediatric OPD cohort, there is conjecture regarding the prevalence of UES dysfunction in pediatric dysphagia. The literature is limited and mostly focused on previous case studies of extreme pathologies such as cricopharyngeal achalasia or in relation to hypertrophy and/or hyperactivity of the CP muscle secondary to gastroesophageal reflux disease (GORD) (25) (26) (27) (28) (29) (30) . Our data suggest that PFA metrics, specifically within the UES high pressure zone, may provide greater confidence for assessing and directing treatments for impaired UES opening.
Whilst PFA results from this study have demonstrated clear features of UES dysfunction in this pediatric cohort we acknowledge some limitations: HRIM recordings were performed without simultaneous VFSS which could provide an indication of lingual propulsion, hyolaryngeal excursion and reliable aspiration status. The aspiration status used in this study was included retrospectively as a secondary measure of clinical interest. Aspiration status may have varied between VFSS and HRIM studies (up to 12 weeks apart). Whilst there were some weak correlations between PFA metrics and DDS scores/FOIS scores, we note that presence of DDS signs of OPD or FOIS did not significantly differentiate aspirating patients from non-aspirating patients. In the context of these limitations we also acknowledge the SRI did not differentiate aspirators and non-aspirating patients in this study. However, the main intention for this study was to focus on established clinical assessments, not radiological measures. We also note that a previous pediatric study with simultaneous VFSS and HRIM was able to show significantly different SRI results between aspirating and non-aspirating patients (2) . Another limitation is that the non-OPD control group were not age matched to the OPD patient group. A true pediatric control group is not possible to obtain for ethical reasons; therefore children referred for clinical investigation of lower esophagus were included as pharyngeal controls and age matching was not possible. While volume effects have previously been demonstrated, showing increased pharyngeal peak pressure with increased bolus volume (16) ; in this study bolus volumes could not be standardised due to differences in age, size and OPD severity. To address this limitation, volume and patient age were included as covariates for statistical analysis. We intend to stratify the etiology for OPD in future cohorts, and investigate the types of clinical signs of OPD; however such statistical analysis was not reliable within this small sample size.
In conclusion, PFA is a promising research tool that may, in the future, be able to clinically assess pharyngeal and UES motor function during swallowing. HRIM is mobile and can be used at the bedside or in a community clinic setting. PFA offers objective profiling of bolus timing and efficiency of bolus clearance with integrated recordings of pressure activity in the pharynx and UES. PFA findings suggest a higher prevalence of UES dysfunction in pediatric OPD patients, which could be targeted for therapy. 
